The present work is a continuation of the systematic survey of the solubilities, apparent dissociation constants, and t h e r m o d y n a m i c properties of the amino acids, which for some time have been the subject of study in this laboratory (1). We are reporting the solubility in water of d-tyrosine, dl-tyrosine, diiodo-dl-tyrosine, dibromo-ltyrosine, and dichloro-/-tyrosine over a t e m p e r a t u r e range of from 0 ° to 50°C.; and the apparent dissociation constants of dibromo-l-tyrosine and dichloro-/-tyrosine at 25 ° and 40°C. F r o m these data we have calculated the heats of solution of all of the above amino acids and the apparent heats of ionization of dibromo-l-tyrosine and dichloro-/-tyrosine.
Methods
The technique employed for obtaining the solubilities of the amino acids was the same as described by Dalton and Schmidt (2) . The concentrations of the amino acids in the saturated solutions were obtained by micro Kjeldahl determinations of nitrogen (3) . The criteria of purity of the preparations were constant solubility after repeated recrystallization and constant solubility when there was a small excess and a large excess of the solid phase.
For estimating the apparent dissociation constants, the solubilities of the amino acids were determined in aqueous solutions and in solutions containing varying amounts of sodium hydroxide or hydrochloric acid. The hydrogen ion activities of the solutions were determined with the aid of the quinhydrone electrode. They are based on the value 1.078 for the pall of 0.1000 molar HC1 (4) , and on the assumption that contact potential differences were eliminated by the use of saturated potassium chloride. It was found impossible to use a hydrogen electrode because dibromo-l-tyroslne and dichloro-l-tyrosine are easily reduced to tyrosine by hydrogen in the presence of platinum black. This procedure for 889
The Journal of General Physiology estimating the apparent dissociation constants of amino acids having a low solubility has been used by Hitchcoek for l-tyrosine (5) and by Dalton, Kirk, and Schmidt for diiodo-/-tyrosine (6) . The present work completes the data on the apparent dissociation constants for the dihalogen substitution products of/-tyrosine which, up to the present time, have been found to occur naturally or which have been synthesized (7, 8) .
EXPERI~[ENTAL /-Tyrosine was obtained by enzymatic hydrolysis of casein. After recrystalllzing it several times from hot water, the specific rotation of a 4.8 per cent solution in 1.0 molar HCI was found to be (a)~L = -12.4. Analyses gave theoretical values for nitrogen. Its solubility at 25 ° was within 0.5 per cent of the value given by Dalton and Schmidt (2) .
d/-Tyrosine was prepared in two ways. l-Tyrosine, obtained by the above method, was boiled 24 hours with 10 times its weight of 40 per cent sodium hydroxide solution. The racemic tyrosine was precipitated with 50 per cent acetic acid and recrystallized several times from hot water, dl-Tyrosine was also synthesized by a method furnished us by Professor M. S. Dunn of the University of California at Los Angeles. I The main steps in the synthesis were as follows: nmlonic ethyl ester -~ bromomalonic ethyl ester -+ phthalimidomalonic ethyl ester --~ sodium phthalimidomalonic ethyl ester -~ p-methoxybenzyl phthalimidomalonic ethyl ester --~ d/-tyrosine hydrobromide -+ dl-tyrosine. Both preparations of dl-tyrosine on analysis gave theoretical values for nitrogen and possessed no optical activity. Their solubilities were within 1.5 per cent of each other. Twenty-four solubility measurements were carried out at eight different temperatures between 273.1 ° and 332.6 ° absolute. I n Table I equations which express the solubility relationships as a function of the temperature are given for dl-tyrosine and the other amino acids studied. The equations were obtained b y the m e t h o d of least squares. In Table I I the solubilities of the amino acids have been calculated on the basis of these equations in grams per 1000 gin. of water. The t h e r m o d y n a m i c relationship between AH, the differential heat of solution; N2, the mol fraction; T, the t e m p e r ature; and P, the pressure, can be expressed as follows (13) :
AH is Mso the total heat of solution of 1 mol of solute in an infinite a m o u n t of saturated solution. In dilute solutions, such as we have t Private communication. These values were calculated on the basis of equations given in Table I . values are in terms of grams per 1000 gm. of water. The fact that the solubility of the racemic isomer is lower than that of the active forms is an indication that dl-tyrosine is a racemic compound and not a mixture. Further evidence for this was provided by the observation that l-tyrosine dissolves in a saturated solution of the racemic isomer. If the latter had been a mixture this solution would have been saturated with respect to the levo isomer and the/-tyrosine would not have dissolved when brought in contact with the saturated solution of d/-tyrosine. The compound, d/-tyrosine, is formed when d-tyrosine and l-tyrosine are mixed in aqueous solution. This was demonstrated by the following experiment. 75 mg. samples of both d-and l-tyrosine were added to 100 cc. of water at 25 °. The amount of tyrosine dissolved was determined in aliquots removed from time to time. The results are given in Table IV. The solubility of the mixture at the end of 144 hours is within 1.0 per cent of the solubility determined for d/-tyrosine. Loring and du Vigneaud obtained similar results with a mixture of d-and/-cystine (10) . It is important that exactly the same amounts of d-tyrosine and/-tyrosine are used at the beginning of the experiment. If there is an excess of one form it will be left after the dl-tyrosine compound has been formed and the amount of tyrosine in solution will be the sum of the racemic compound plus the optically active form.
The solubility, apparent dissociation constants, and thermodynamic data for diiodo-/-tyrosine have been reported by Dalton, Kirk, and Schmidt (6). Oswald (11) had reported previously a solubility value for diiodo-l-tyrosine which is between 7 and 8 times greater than the value reported by these workers, aI/d a solubility value for diiodo-d/-tyrosine that approximated the solubility found in this laboratory for the levo isomer. This suggested that, in the conversion of l-tyrosine into diiodotyrosine, racemization had taken place. To clear up this point, a sample of the diiodotyrosine used by Dalton, Kirk, and Schmidt was reduced to tyrosine by the procedure outlined by Harington (12), using palladium black as a catalyst. The tyrosine obtained had the same optical activity as the/-tyrosine used in the preparation of the diiodotyrosine.
Diiodo-/-tyrosine and diiodo-d/-tyrosine were prepared according to the method of Oswald (11), starting with/-tyrosine and d/-tyrosine prepared as described previously in this paper. The products on analysis gave theoretical values for iodine and nitrogen. The solubility of the diiodo-/-tyrosine was within 2.0 per cent of the value given by Dalton, Kirk, and Schmidt. The solubility of the diiodo-d/-tyrosine was lower than that of the levo isomer. Nineteen solubility measurements of the diiodo-d/-tyrosine were carried out at six different temperatures between 273.1 ° and 320,5 ° absolute. The usual equations were devised and their coefficients tabulated in Table I . By assuming that the perfect solution laws were obeyed, zXH298.1, the differential heat of solution, was calculated and is given in Table III. Dibromo-/-tyrosine and dichloro-/-tyrosine were prepared by treating /-tyrosine with bromine or chlorine in accordance with the procedure recommended by Zeynek (8) . The synthesized compounds were reduced to tyrosine by the procedure outlined by Harington (12), using palladium black as a catalyst. No essential change in optical activity of the tyrosine was noted. Dibromo-l-tyrosine crystallizes from water in two forms depending on the conditions under which the crystallization is carried out. When a boiling, saturated, aqueous solution is allowed to cool with no agitation, the compound crystallizes in long needles resembling salicylic acid and containing no water of crystallization (Fig. 1) . After air drying, analysis gave, within experimental limits, theoretical values for nitrogen and bromine. When a warm solution is cooled in an ice bath with agitation, the compound crystallizes in platelets containing one half molecule of water of crystallization (Fig. 2) . The interesting thing about these two forms of dibromo-/-tyrosine is the difference in their solubility-temperature relationship. At 290.6 ° absolute, their solubilities are the same. At lower temperatures the hydrated form is the more stable, and at 273.1 ° absolute, the anhydrous form will change to the hydrated form if allowed to stand at this temperature for a sufficient length of time. Between 282.1 ° and 298.1 ° absolute, both forms are stable for the period of time investigated (up to 3 weeks), and exhibit differences in solubility. Above 306.1 ° absolute, the hydrated form will change to the anhydrous form if allowed to stand at this temperature for a sufficient length of time.
Eleven solubility measurements were carried out on the hydrated form of dibromo-/-tyrosine at four different temperatures between 273.1 ° and 298.1 ° absolute. At higher temperatures the compound changed into the anhydrous form. The solubility relationships of the hydrated and anhydrous forms of dibromo-l-tyrosine are graphically represented in Fig. 3 . The usual equations were devised and their coefficients tabulated in Table I . The differential heat of solution was calculated and is given in Table III ments were carried out on the anhydrous form of dibromo-/-tyrosine at six different temperatures between 282.1 ° and 320.6 ° absolute. At higher temperatures the compound decomposed. The coefficients for the solubility equations are tabulated in Table I and the differential heat of solution is listed in Table III. Dichloro-/-tyrosine crystallizes from a hot aqueous solution at first as platelets which grow into prisms containing water of crystallization. An excellent description of the crystal form is given by Zeynek (8) . A photograph of these crystals is shown in Fig. 4 . Analysis of the preparation after drying in a vacuum desiccator over phosphoric anhydride showed one molecule of water of crystallization. W i t h i n experimental limits, theoretical values for nitrogen and chlorine were obtained.
Fifteen solubility measurements in water on dichloro-l-tyrosine were carried out at seven different temperatures between 273.1 ° and 320.6 ° absolute. At higher temperatures the compound had a tendency to decompose. The usual equations expressing its solubility as a function of the temperature were devised and their coefficients tabulated in Table I . The differential heat of solution is listed in Table III . For calculating the apparent dissociation constants of dibromo-/-tyrosine and dichloro-/-tyrosine from the solubility-pall data, the equations developed by Hitchcock (5) were employed. The data are presented in Table V . Because of the uncertainty as to which dissociation constant represents the ammonium ion and which represents the hydroxyphenyl group, the apparent dissociation constants, found in this investigation, are reported as KI', K ' and Ka', where KI' K W K , Kw Kb" = = Ka-~, and K3' = Kas'. It is to be pointed out that very small 1 errors either in the value obtained for K ' 2 or for (H+) will make large differences in the values of K3 t. Because of this, the values obtained for K3' indicate only roughly the order of magnitude of the dissociation constant.
The question concerning the relative strengths of the ammonium ion and the hydroxyphenyl group in l-tyrosine is a difficult one to decide. Simms (14) assumed that the hydroxyphenyl group is the more acidic. On the other hand, Cohn (15) considers that the ammonium ion, under the influence of the hydroxyphenyl group, is the more acidic and that it has about the same strength as the ammonium ions in phenylalanine and serine. Birch and Harris (16) titrated l-tyrosine in the presence of formaldehyde and from the displacement of the titration curve, came to the conclusion that the ammonium ion is the more acidic. However, their work is open to question, because they did not consider possible reactions of the formaldehyde with the hydroxyphenyl group. The displacement of the titration curve would probably be the same as they found if the hydroxyphenyl group were the more acidic.
The measurements were carried out at 298.1 ° and 313.1 ° absolute for dichloro-l-tyrosine and for the anhydrous form of dibromo-/-tyrosine. Measurements on the hydrated form of dibromo-l-tyrosine could be carried out only at 298.1 ° absolute, because at the higher temperature it changed to the anhydrous form. For the purpose of calculating the apparent heats of ionization of these compounds, the equation of van't Hoff was used (13, p. 298),
where T = the absolute temperature, R = the gas constant in calories per degree, K = the true dissociation constant, and AH = the heat of ionization. Since the true dissociation constants of these amino acids are not known, the assumption was made that the equation holds when the values for the apparent dissociation constants are used instead of the true dissociation constants. The further assumption was made that aH is constant over the temperature range from 298.1 ° to 313.1 ° absolute; and, therefore, for this temperature interval, equation (2) may be written:
The dissociation values, heats of ionization, and isoelectric points of dibromo-l-tyrosine and dichloro-/-tyrosine are given in Table V . For comparison, the data of Hitchcock (5) relating to/-tyrosine and those of Dalton, Kirk, and Schmidt (6) concerning diiodo-/-tyrosine are included. From examination of the data given in Table V , certain conclusions can be reached. /-Tyrosine and its dihalogenated substitution products have values of the same order of magnitude for pK1 p. From the point of view of the zwitter ion theory this constant represents the dissociation of the carboxyl group and indicates that the substitution of the halogens in the hydroxyphenyl ring of/-tyrosine has very little effect on the dissociation of this group. The pK~ p and pK~ r values of l-tyrosine are much larger than in the case of the dihalogenated substitution products. This indicates that the groups represented by/(2 r and K3 r are much more acidic in the case of the dihalogenated compounds than in/-tyrosine. Because of the increase in the acidic properties of these groups brought about by the introduction of the halogens in the hydroxyphenyl ring, the dihalogenated substitution products of/-tyrosine are stronger acids than/-tyrosine. Since this increase in acidity is of the same order of magnitude, it appears that iodine, bromine, and chlorine, when substituted respectively to form the dihalogenated tyrosine compounds, have about the same effect on the dissociation constants.
A general rule in organic chemistry, usually valid, is that the substitution of a strongly negative group, such as the halogens, will increase the acidic properties of groups in the molecule which have a tendency to give off hydrogen ions. This effect is greater the closer the negative group is to the group dissociating to give hydrogen ions. If this rule is assumed to hold true, it would be expected that the introduction of halogens adjacent to the hydroxyl group in the hydroxyphenyl ring of/-tyrosine would increase the acidity of this group much more than that of the ammonium ion which is separated from the halogens by several carbon atoms. From the values for pK2 ~ and pK~ ~ of/-tyrosine and its dihalogenated substitution products, it must follow that pK~' represents the dissociation of the hydroxyphenyl group and pK~' represents the dissociation of the ammonium ion in the dihalogenated substitution products of/-tyrosine. This conclusion is independent of which group is more acidic in l-tyrosine.
It has been pointed out by Kolthoff (17) , Ebert (18) , and Meyerhof (19) , among others, that strongly acid groups have very small heats of ionization, whereas strongly basic groups possess large heat values--in the neighborhood of 10,000 to 12,000 calories. Therefore, it should be possible to predict the nature of the group which is dissociating by estimating the magnitude of the apparent heat of ionization. The organic radicals which are either weakly acidic or basic, such as the hydroxyphenyl and the imidazole rings respectively, will yield intermediate values for the heats of ionization and by this criterion should be readily identified.
It might be expected from the apparent heats of ionization of the dihalogenated substitution products of /-tyrosine that the groups could be identified which give rise to the three dissociation constants. KI' represents the dissociation of the carboxyl group and the heats of ionization, calculated from its values at different temperatures in the case of diiodo-/-tyrosine, dibromo-/-tyrosine, and dichloro-/-tyrosine, are small as shown in Table V . This is to be expected for a strongly acidic group.
The values for the heats of ionization of the groups represented by K2' and K3 t are of no use in distinguishing between the ammonium ion and the hydroxyphenyl group in the dihalogenated substitution products of /-tyrosine, because sufficient data are not available for purposes of determining the heats of ionization that would be expected at the hydrogen ion activities at which they dissociate in these compounds. The heat of ionization of a group is not only a function of the group and of the temperature, but also of the pall at which it dissociates. In the dihalogenated substitution products of/-tyrosine, the hydrogen ion activities, at which the ammonium ion and the THERMODYNAMIC DATA O]~ TYROSINE COMPOUNDS hydroxyphenyl group dissociate, are so different than in other compounds which have been studied, that it is apparently impossible to draw conclusions from the apparent heats of ionization, calculated from the values of K~ p and/£3' at different temperatures. SUMMARY I. The solubilities and differential heats of solution of d-tyrosine, dl-tyrosine, diiodo-dl-tyrosine, dibromo-/-tyrosine (hydrated), dibromo-/-tyrosine (anhydrous), and dichloro-l-tyrosine (hydrated)have been determined.
2. Evidence has been advanced that dl-tyrosine is a compound. 3. From the solubility determinations at various acidities, the apparent acid and basic dissociation constants of dibromo-/-tyrosine and dichloroJ-tyrosine have been determined at 25 ° and 40°C. From these data the apparent heats of ionization have been calculated. 4 . The question concerning which of the groups in l-tyrosine and its dihalogenated substitution products is responsible for each dissociation constant has been discussed.
